In order to investigate influences on assessment of interior truck sounds two experiments have been carried out with emphasis on the low frequency content. In the first experiment the participants were presented with recorded sound from the interior of a truck cabin, with different alterations of the low frequency content. In the second experiment the balance between low and high frequency content was altered for the recorded sounds. Three main dimensions important for the assessment of truck sounds were found: an Annoyance factor, a Wakefulness factor and a Quality factor. Additionally it was found that a wellsuited spectral balance could improve positive impressions of truck sound.
frequency (Landström, 1999) , whereas for broad band noise the annoyance is higher for noise with more low frequency content . Annoyance is often highly related to loudness (Hellman and Broner, 1999) , but also the spectral shape is very important for predicting effects of LF noise (Goldstein 1994) . Additionally, LF noise has been found to impair performance (Bengtsson et. al., 2001) as well as reduce wakefulness (Löfstedt and Landström, 1987) . LF noise may also cause vibrations in the human body (Takashi and Tonekawa, 2001) , which may add to the subjective annoyance. The balance between frequency content of sound and of vibrations also influences annoyance reactions, where "mismatched" stimuli (for instance LF sound and high-frequency vibration) are perceived as more annoying than matched stimuli (Västfjäll et al., 2002) . Although the audible frequency range is considered to begin at 20 Hz, lower frequencies, i.e. infra sound, are audible at sufficiently loud levels, and are then often regarded as annoying (Møller, 1987) . Due to the dominating levels of low frequency sound in truck cabins, the effects on the drivers are of particular interest. An excellent comprehensive overview of these effects has been compiled by Willams (1985) . He confirms what has been found in other areas within product sound quality research, namely that the rating of an interior sound environment is very much dependent on expectation and situation. A driver may accept a noisier environment if it seems motivated by e.g. a steep slope or rough road surface, but would scarcely want that kind of noise in his or her dwelling. He also confirms that vehicle noise containing high levels of LF is generally rated as less acceptable, and that the commonly used A-weighting fails to entirely predict these responses. Willams reports that previous studies show the frequency range around that of human speech (1-4 kHz) in combination with low frequency content as responsible for annoyance from interior vehicle noise. He also stresses the importance of reducing interior noise levels in goods vehicles, not only because the levels may be damaging to the drivers' hearing after long exposure, but also since the high noise levels may mask e.g. warning signals from other vehicles. Infrasound occurring in heavy vehicles is additionally reported to be detrimental to driver vigilance.
Modern heavy vehicles are noticeably quieter than the ones studied 15-20 years ago, but since this to a large extent is due to passive absorbers, the LF levels are relatively unaltered. Therefore it is perhaps more important than ever to investigate the effects of the residual LF content on the drivers, both positive and negative.
EXPERIMENT 1
The expressions low frequency noise and low frequency content are quite broad concepts, so in order to get a slightly more detailed picture of how different kinds of low frequency sounds are perceived, a listening test was performed. Two types of stimuli were used, namely sounds with added tonal components and sounds with added noise-like components. Participants were asked to rate the stimuli on a number of adjective scales that were chosen to cover a number of cognitive dimensions. The experiment was expected to result in more detailed information on what dimensions are important when assessing truck sounds and what properties affect these dimensions.
METHOD 4.1 Participants
28 Participants (18 male, 10 female, 20 -30 years old) performed a listening test. For this listening test so-called naive participants were chosen, i.e. individuals who did not have any particular training or experience in critical listening.
Stimuli
The participants were presented with nine different stimuli (cf . Table II ). Noticeable about the stimuli is that one of them (RS1-60Hz-sin) showed a very perceptually salient amplitude modulation, with a modulation frequency of about 1/3 Hz. 
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Measures
The participants were asked to rate their degree of wakefulness and how engaged in the task they felt they were on a nine point unipolar scale, before as well as during the presentation of each stimulus. During the presentation of the stimuli they were asked to rate pleasure and activation using Self Assessment Mannequin (SAM) scales. Additionally the participants rated on a 11 point bipolar scale to what extent the stimuli were pleasant or unpleasant and on a 9 point unipolar scale to what extent the stimuli were irritating, strenuous, tiring, were giving an impression of quality, were powerful, rumbling, unique and annoying.
Audio equipment
To achieve realistic levels of low and infrasoil frequencies, a custom subwoofer was built. The frequency response was measured with an MLSSA system and corrected using a lab.gruppen dsp24 digital signal processor (DSP), which was also used to low-pass filter the signal fed to the subwoofer. The distortion of the subwoofer was measured to be less than 1.5 % at 20 Hz, 120 dB SPL. All frequencies above 70 Hz were fed to a pair of STAX Signature electrostatic headphones and the relative levels of the subwoofer and the headphones were balanced using a HEAD Acoustics binaural recording system.
Procedure
The participants performed the listening test two or three at a time, and were seated inside the laboratory in predefined positions with controlled low frequency response. They controlled the playback of the stimuli themselves through a simple Microsoft PowerPoint interface and were instructed not to talk to each other during the test unless for agreeing on proceeding to the next stimulus. They were instructed to listen to each stimulus just once. The ratings were done on paper questionnaires where the participants marked their ratings with a cross on printed scales. Before starting the test the participants read written instructions and were given the opportunity to ask questions about the procedure.
RESULTS
Statistical methods
Analysis of variance (ANOVA) was used to evaluate possible differences between sounds. An F-value that had a p<.05 was considered significant. Post-hoc LSD comparisons were performed to evaluate specific difference between pairs of sounds. Principal Component Analysis (PCA) was used to evaluate the dimensionality among items. Finally, multiple regression analyses were used to assess subjective determinants of annoyance and wakefulness.
Initial screening
One stimulus was repeated in each of the four different stimuli orders of the listening test in order to test the participant's consistency. Additionally the individual deviations from the mean on the four selected adjectives, Annoying, Powerful, Rumbling and Irritating (criterion 2.5 std. dev.) were investigated to find participants who were very inconsistent in their ratings. This analysis resulted in the exclusion of 8 participants from the original sample.
Principal Component Analysis
First, a Principal Component Analysis (PCA) was performed to test the underlying dimensionality of the adjectives used. Using the criterion eigenvalue >1, three components were extracted that together accounted for 68.2 percent of the variance. As may be seen in Table III , first component contains adjectives related to annoyance. The second component contains items describing wakefulness, and the third component items related to perceived quality. It is interesting to note that the adjectives rumbling, powerful and quality load both on the annoyance and quality components, thus suggesting an intercorrelation between these constructs.
Comparisons between stimuli
A series of Analyses of Variance (ANOVAs) were conducted, one for each adjective. Post-hoc LSD analyses were applied to evaluate the difference between sounds. A summary of these analyses suggests that modulation contributes highly to all three components. A significant increase of tiredness occurred for two of the stimuli, i.e. the unaltered RS 1 and stimulus no. 4, the stimuli showing the perceptually salient amplitude modulation. Some stimuli tended to become less annoying and unpleasant with the addition of low-pass filtered noise.
Tone vs. Noise
ANOVAs were also performed to investigate differences between low frequency pure tone and low frequency noise. As seen in the PCA sounds that generates little annoyance might also decrease positive aspects such as perceived powerfulness.
As a summary, added pure tones seem more annoying than added low-pass filtered noise, however the difference is very small for some frequencies. For some adjectives the situation is even the opposite for certain frequencies. This suggests that different types of sounds are more or less contributing to the perceived sound quality depending on frequency range -at a certain range noise-like sounds are more important that tonal, but at other frequencies it is the other way around. Normalized means of the different stimuli for adjectives that showed main effects in the ANOVAs. Stimulus no. 4 is the one with the perceptually salient amplitude modulation.
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Figure 2.
Difference in perceived Annoyance due to low frequency pure tone and low frequency noise respectively.
Figure 3.
Difference in perceived Powerfulness due to low frequency pure tone and low frequency noise respectively.
DISCUSSION
The first experiment indicated that not only annoyance and wakefulness, but also perceived quality, are important for perception of the working environment inside a heavy truck. This finding is important for future assessment and characterisation of heavy truck sound. Especially interesting is that the adjectives "rumbling" and "powerful" load positively in the "annoyance" and "quality" components in the PCA, suggesting that reducing annoyance does not necessarily increase the positive aspects of the sound to the same extent. Generally, tonal sounds seems to be perceived as more annoying than broad band sounds, which agrees well with previous findings (Persson . Additionally the sound containing perceptually salient low frequency amplitude modulation was rated to be highly annoying and tiring, also agreeing well with previous findings (Landström et. al. 1999) . Previous studies have also shown an increased level of subjective tiredness or objectively reduced wakefulness when exposed to LF noise, especially noise with low frequency modulation after long exposure (Williams 1985 , Landström et. al. 1999 , Löfstedt and Landström 1987 . The present research show tendencies of increased subjective tiredness after less than 3 min exposure for two of the stimuli: the stimuli containing the obvious low frequency amplitude modulation (RS1-60-sin) and the unaltered recorded interior noise (RS1).
Another interesting finding was that for e.g. rumbling and tiring there was a difference in perception of sounds with added tone or filtered noise depending on frequency range, suggesting that LF-content could be divided into two sub-groups: LF ~ 70 Hz -200 Hz and SUB < 70 Hz. Informal listening also supports this. Such a subdivision would be especially useful for interior heavy truck noise since they often show high levels of SUB. It would also be interesting in an LF/HF-balance context in accordance with previous studies (Goldstein 1994) . This tentative classification will be further investigated in future studies. In general two properties of noise would be of particular interest in future studies:
1.
Very low frequent modulation (less than I Hz) of low frequency pure tones.
2.
Balance between low and high frequency content, using previous studies of spectral slope or shape as well as spectral contrast.
EXPERIMENT 2 7.1 METHOD Experimental design
In order to investigate the importance of spectral balance on the perception of interior truck sound a second experiment was designed. The participants were presented some of the stimuli from the first experiment with an altered spectral balance. The new spectral shape meant much less high frequency content and was expected to increase overall annoyance.
Participants
21 participants (20 male, 1 female, 21-34 years old) rated the stimuli. The participants did not have any particular training or experience in critical listening. The four stimuli were chosen based on the results from the first experiment to investigate effects of very low frequency content (i.e. below 70 Hz), difference between tonal and broadband sound as well as effects of amplitude modulation all with an altered balance between high and low frequency content.
Stimuli
Measures
A subset of the adjectives from experiment one was used in the second experiment 
Audio equipment
The main difference in the second experimental setup was that the stimuli were presented only through the subwoofer instead of both subwoofer and loudspeaker. The participants wore the headphones throughout the test and were first presented a frequency sweep from 20 kHz to 10 Hz through headphones and subwoofer but the headphones were switched off, without the participants' knowledge, before starting the actual test. The subwoofer shows a flat frequency response from 10 Hz to 70 Hz above which it falls off by 12dB/oct.
RESULTS
Main effects were found for adjectives Annoying [F(3, 111) [F(3,111) =6.209, p<.00l]. For these four adjectives there were statistically significant differences between the overall means of the two cases. As can be seen in Figure 4 it is mainly for the stimuli with the added 60 Hz tone that there is an effect, which corresponds well to previous research on perception of sounds with a prominent amplitude modulation, but for the adjective Annoying there can be seen an effect for the stimuli with added low pass filtered noise with 30 Hz cut-off frequency as well. As can be seen in the figures below, for each stimulus the general shapes of the response curves of the two cases are roughly mirrored. This means that a stimulus with some added low frequency content is perceived as e.g. more or less powerful depending on the spectral balance.
GENERAL CONCLUSIONS
Some tendencies from the first experiments were expected to become emphasised with the spectral centre of gravity shifted toward lower frequencies.
Both main effects as well as interactions of statistical significance were found when comparing reactions to the same sounds presented with different frequency balance. One main effect was that the lack of higher frequencies to balance the lower seemed to cause greater annoyance for some of the stimuli. This suggests that balancing the frequency spectrum in a suitable way can to some extent diminish general negative responses. The response curves of the two cases are roughly mirrored for adjectives Valence or Pleasure, Pleasant, Feeling of Quality, Powerful, Rumbling and Annoying, suggesting that the entire spectrum is highly important for the perception of low frequency sounds. Other effects that were not statistically significant, but still noticeable, were that people were more consistent in the ratings without the higher frequencies. In many cases the standard deviation was halved, and for e.g. pleasure, the difference between the sounds were minimised. For the adjective "tiring", the overall mean value was largely increased, but since there was a high variance in the ratings for the combination of high and low frequencies, the effect was not statistically significant.
Although "powerful" is highly correlated to the low frequency content, the present research implies that it is of great importance to have a suitable frequency balance to obtain preferred 'powerfulness' of the sound.
